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An RNA-dependent RNA polymerase (RdRp) activity was detergent-solubilized from the chloroplast membranes of Chinese
cabbage leaves infected with turnip yellow mosaic virus (TYMV). The template-dependent, micrococcal nuclease-treated activity
synthesized full-length minus strands from TYMV RNA and 3*-fragments as short as a 28-nucleotide-long RNA comprising the
amino acid acceptor stem of the 3*-tRNA-like structure (TLS). Minus strands were shown to arise by de novo initiation with the
insertion of GTP opposite the penultimate (C) residue of the 3*-terminal -CCA. The TYMV RdRp activity was template specific in
that poly(A) RNA was not copied, and alfalfa mosaic virus (AlMV) RNA, which does not contain a 3*-TLS, was a very poor
template. However, other viral RNAs with a 3*-TLS and in vitro transcripts of tRNAs were copied to varying degrees. Fully
modified tRNAs were either inactive or poorly active templates, and AlMV 3*-RNA, even when provided with a 3*-terminal -ACCA,
was not copied detectably. A potential role of the acceptor stem pseudoknot as a promoter element was assessed with mutations
that drastically altered the structure and sequence of the pseudoknot, revealing only a twofold effect in decreasing template
activity. The data show that RNAs with both a tRNA-like conformation and a -CCA 3*-terminus are potential templates for TYMV
RdRp and suggest that promoter elements are not limited to the acceptor stem pseudoknot. q 1997 Academic Press
INTRODUCTION et al., 1991), but not when the competing RNA comprised
TYMV RNA sequences lacking the 3*-terminal 108 nucleo-
More than a decade ago, turnip yellow mosaic virus
tides (including the TLS; Morch et al., 1987; Gargouri-Bouzid
(TYMV) was one of the most fruitful subjects among the
et al., 1991). Only those RNAs containing the 3*-terminal
eukaryotic positive strand RNA viruses for in vitro studies
sequences were themselves used as templates. These
on the viral RNA replication cycle (Mouche`s et al., 1974,
data suggested that the TYMV minus strand promoter re-
1984; Candresse et al., 1986). In those studies, Bove´ and
sides within the TLS, as has been shown for brome mosaic
colleagues elected to emphasize the purification and sub-
virus (BMV) RdRp (Miller et al., 1986; Dreher and Hall, 1988).
unit characterization of the TYMV RNA-dependent RNA
Beyond these exploratory studies, there is no information
polymerase (RdRp or replicase). Unfortunately, their studies
on the mechanism of template selection by TYMV RdRp or
predated an understanding of TYMV gene expression and
on the minus strand initiation properties. We now present
the availability of cloned viral cDNAs and ORF-specific anti-
data showing that initiation occurs de novo with incorpora-
bodies for unequivocal identification of viral proteins; the
tion of GTP opposite the 3*-C of the -CCA end, as previously
identities of the subunits in the purest fractions obtained
shown for BMV RdRp (Miller et al., 1986; Kao and Sun,
remain unclear. Nevertheless, they were very successful in
1996). We also show that TYMV RNA 3*-fragments as short
showing that sufficient RdRp enzyme was present in in-
as 28 nucleotides long can act as templates in vitro. How-
fected tissue to permit enzyme characterization and that it
ever, mutagenesis of the sequences within this part of the
could be detergent-solubilized from chloroplast mem-
viral RNA resulted in only a twofold reduction in minus
branes.
strand synthesis, suggesting that promoter elements are
The earlier studies left the detailed RNA synthetic proper-
not restricted to the 3* 28 nucleotides.
ties of the TYMV RdRp largely undescribed. Two more re-
cent studies have advanced earlier understanding by pre-
MATERIALS AND METHODSsenting some evidence suggesting that the promoter con-
trolling minus strand synthesis is present within the 3* Viral infection
tRNA-like structure (TLS) of TYMV RNA (Fig. 1; Morch et al.,
1987; Gargouri-Bouzid et al., 1991). The copying of genomic Chinese cabbage plants (Brassica pekinensis cv.
Spring-A1) were grown in an environmentally controlledTYMV RNA was inhibited by competing 3*-terminal TYMV
RNA fragments as short as 38 nucleotides (Gargouri-Bouzid chamber at 217 under 16-hr day length. Three- to 4-week-
old plants were mechanically inoculated with purified
TYMV (Corvallis strain, TYMC; Weiland and Dreher, 1989)1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (541) 737-0497. E-mail: drehert@bcc.orst.edu. virions (10 mg) in 100 mM potassium phosphate (pH 7)–
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10 ml and top 6 ml) and dialyzed overnight at 47 against
buffer C in a microdialysis system (Gibco-BRL). Fractions
with RdRp activity could be stored at 0207 for more than
several months without appreciable loss of activity.
Preparation of RdRp templates and marker RNA
Poly(A) RNA (average chain length c. 1500 nucleo-
tides), total wheat germ tRNA and yeast tRNAPhe were
purchased from Sigma Chemical Co. A partially purified
mixture of yeast tRNAHis and tRNAThr was a gift from Dr.
Richard Giege´ (Strasbourg). Transcripts corresponding
to lupin tRNAVal (Barciszewska and Jones, 1987), lupin
tRNAHis (Barciszewska et al., 1986), and Arabidopsis thali-
ana tRNAAla (Akama and Tanifuji, 1990) were made with
T7 RNA polymerase from BstN I-linearized synthetic
FIG. 1. Diagram of the structure of the 3*-113 nucleotides of the cloned genes.
6.3-kb-long TYMV RNA (Corvallis strain; Dreher and Bransom, 1992),
TY-264, TY-115, TY-99, and TY-88 RNAs have pre-comprising the valylatable tRNA-like structure (TLS) and a pseudoknot
viously been described as TYSma, TYDde, TYDra, andimmediately upstream. These structures are supported by structure-
probing studies (Rietveld et al., 1982; Hellendoorn et al., 1996). The 5*- TYAlu, respectively (Dreher et al., 1988), and were tran-
most TYMV nucleotides of various 3*-TYMV RNAs used in this study scribed from BstN I-linearized plasmids.
are indicated with arrows; for TY-88, -99, and -115 RNAs, the nonviral Other RNA templates were made by T7 transcription
sequence 5*-GGGAGA shown in italics is present at the 5*-terminus.
from PCR-generated DNA templates as described (TsaiThe entire sequence of TY-264 RNA, the longest member of this family
and Dreher, 1993). PCR was conducted with appropriateof RNAs, is not shown. Numbering is from the 3*-end.
primer pairs in which the upstream oligonucleotide in-
cludes the T7 promoter fused to the desired 5* sequence,
1% (wt/vol) Celite. For mock infection, virus was absent and the downstream oligonucleotide has a 5*-end com-
from the mixture. plementary to the desired 3*-end of the RNA. The chime-
ric RNAs TY-TMVPSK, TY-TMV, and TY-BMVPSK, gener-
Isolation of TYMV RdRp
ated in this way, have been described before (Skuzeski
et al., 1996).Young leaves were harvested 8–10 days postinocula-
tion and were used immediately (frozen in liquid nitrogen) TY-83 RNA was transcribed from PCR-generated DNA
amplified from linearized pTYMC (Weiland and Dreher,or could be stored for up to 6 months at 0807 for later
use. Frozen leaves (25 g) were powdered and then ho- 1989) with the upstream primer [T7]-GCTCGCCAGTT,
where [T7]- represents the untranscribed part of the T7mogenized on ice with a Polytron (Brinkmann Instru-
ments, NY) in 100 ml buffer A (50 mM Tris–HCl, pH 8.0, promoter sequence TAATACGACTCACTATA, and the
downstream primer TGGTTCCGATGACCCTCG, resulting1 mM MgCl2 , 10 mM KCl, 0.2 mM EDTA, 10 mM DTT,
0.5 mM PMSF, and 20% glycerol). The homogenate was in -ACCA 3*-termini. TY-ACC3*, TY-AC3*, and TY-A3*
RNAs, variants of TY-83, were made as above, usingfiltered through Miracloth, and the solids were rehomog-
enized in 40 ml of buffer A and filtered. The combined appropriately truncated downstream primers. TY-L1, TY-
S1, and TY-S2 RNAs were made in similar fashion, usingfiltrates were centrifuged at 3,000 g for 10 min at 47,
and the resultant supernatant was further centrifuged at the downstream primers TGGTTCCGATGACCCTC-
GGA–GGGCGGGAGTT, TGGTTCCGATGAGGGTCG-40,000 g for 40 min at 47. The green pellet containing
chloroplast membranes was washed by resuspending in GAAGAG, and TGGTAGGCTTGACCCTCG, respectively
(dash indicates site of the deletion of 4 nucleotides in40 ml of buffer A and recentrifuging.
The washed pellet was resuspended in 5 ml of Buffer L1; underlined letters indicate mutations in S1 and S2).
TY-83Hind RNA was made as above, except for the useB (buffer A containing 0.75 M KCl and 1% Lubrol PX;
Sigma Chemical Co.) and stirred at 47 for 2–3 hr to solubi- of the downstream primer AGCTTGGTTCCGATGACCC-
TCG. TY-41 RNA is a derivative of TY-83 in which thelize the membrane-bound proteins. Simultaneously, a 35-
ml 25–55% (v/v) glycerol gradient was prepared in buffer PCR template was made using the upstream primer [T7]-
GGGTGCAACTC. TY-28 RNA was transcribed from anC (50 mM Tris–HCl, pH 8.0, 1 mM MgCl2 , 10 mM KCl,
0.2 mM EDTA, 2 mM DTT, 20% glycerol, 0.5% Lubrol PX) annealed synthetic DNA template consisting of a T7 pro-
moter (/) strand oligomer [T7]-GCCCC annealed to theand cooled to 47. Two to 3 ml of solubilized preparation
were layered on the gradient and centrifuged in a Beck- antisense oligomer that includes the T7 promoter TGG-
TTCCGATGACCCTCGGAAGAGGGGC-[T7](0), followingman SW28 rotor at 22,000 rpm (64,000 g) for 22 hr at 47.
Fractions of approximately 1.5 ml were collected from the method of Milligan et al. (1987).
An 82-nucleotide-long minus strand RNA that is com-the bottom of each tube (having discarded the bottom
AID VY 8621 / 6a3b$$$181 06-07-97 03:09:03 viral AP: Virology
432 SINGH AND DREHER
plementary to TY-83 except for lacking the 5*-T opposite ethanol, redissolved in 10 ml of water, and finally ana-
lyzed by gel electrophoresis. Template quality and recov-the 3*-A of the plus strand, used as a marker RNA, was
made from PCR-generated DNA amplified from linearized ery were monitored by ethidium bromide staining, and
radiolabeled products were detected using a phos-pTYMC with the upstream primer [T7]-GGTTCCGATGAC-
CCT and the downstream primer GCTCGCCAGTTAGCG- phorimager (Molecular Dynamics).
A portion of the products of some reactions wasAGGTCTG.
TMV-171 RNA (3*-end of TMV-U1 RNA) was transcribed treated with a mixture of ribonucleases prior to electro-
phoresis, to verify products as double-stranded. Five mi-from PCR-generated DNA amplified from linearized
pTYMC-TMVPSK (Skuzeski et al., 1996) with the upstream croliters of deproteinized product were treated in 50 ml
21 SSC (0.3 M NaCl, 30 mM sodium citrate) with 10primer [T7]-GGGCGAAAGCCCACGTGGTGCGTACGA and
the downstream primer TGGGCCCCTACCGGGGGTA. mg/ml ribonuclease A and 10 units/ml ribonuclease T1
(Gibco-BRL) for 20 min at 377. Following the incubation,AlMV3* and AlMV-ACCA3* RNAs with wild-type -AUGC
and mutant -ACCA 3*-ends, respectively, were tran- each sample was diluted to 100 ml with buffer (TE con-
taining 50 mM EDTA and 0.2% SDS) and the RNA wasscribed from RT-PCR-generated DNA made from AlMV
virion RNA3 according to Skuzeski et al. (1996), using extracted with phenol/chloroform. RNAs were recovered
and analyzed as described above.the upstream primer [T7]-GATTTACCCCATTAATTTG
and downstream primers GCATCCCTTAGGGGCCAT- For direct comparisons, templates were present in
equimolar amounts, based on quantitation with ethidiumTCA and TGGTCCCTTAGGGGCCATTCA, respectively.
Following T7 transcription, the template DNA was re- bromide staining after electrophoresis. Product yields
were determined using a phosphorimager and integra-moved by treatment with deoxyribonuclease, and the
RNA was isolated by phenol/chloroform extraction and tion software (ImageQuant, Molecular Dynamics). Prod-
uct yields are expressed as relative molar yields, havingethanol precipitation in the presence of ammonium ace-
tate. Each transcript (except the genome-length TYMC corrected for the various numbers of UMP (labeled) resi-
dues per molecule of minus strand. The activities of ge-transcript shown in Fig. 3) was prepared once by gel
purification, although any subsequent preparations were nomic RNAs were compared to virion TYMV RNA, while
the activities of small transcripts were compared to TY-not gel-purified; no difference in activity was observed
between preparations. Transcripts used in Fig. 4A were 83 RNA.
purified to single base resolution by 8% sequencing
PAGE followed by electroelution. RNAs were quantitated [g-35S]Thio-GTP incorporation
by densitometry of ethidium bromide-stained gels.
RdRp reactions were performed as above except thatThe 3*-ends of some transcripts were analyzed by la-
reactions were scaled up to 100 ml, and the reactionbeling with [5*-32P]pCp and end group analysis as de-
mixture contained 50 mCi of [g-35S]thio-GTP (1000 Ci/scribed (Dreher et al., 1989).
mmol; Dupont-NEN) and 0.5 mM UTP.
RdRp assay and analysis of products
RESULTS
Dialyzed glycerol gradient-purified RdRp preparation Template-dependent TYMV RNA-specific RdRp
was used directly for assay of endogenous activity or
after treatment with micrococcal nuclease (Miller and Viral RdRp activity was extracted from symptomatic
Chinese cabbage leaves harvested 8–10 days after inoc-Hall, 1983) for reactions with added template RNAs. En-
dogenous RNAs were removed by incubation with 10 mg/ ulation with TYMV. Fractionation by glycerol gradient ul-
tracentifugation of material detergent-solubilized fromml micrococcal nuclease (Sigma) in the presence of 1
mM CaCl2 at 307 for 30 min. The reaction was stopped membranes by treatment with 1% Lubrol PX in the pres-
ence of 0.75 M KCl (after methods of Quadt and Jaspars,by adding EGTA to 10 mM.
The standard 25-ml reactions contained 20 ml of the 1990; Deiman et al., 1995) yielded fractions with RNA
polymerase activity. After incubation in the presence ofRdRp preparation in the presence of 10 mM DTT, 10 mM
MgCl2 , 200 mg/ml actinomycin D, 0.5 mM of each ATP, [a-
32P]UTP, ATP, CTP, and GTP, denser fractions yielded
apparently full-length genomic and subgenomic RNA,CTP, and GTP, 1 mM [a32P]UTP (400 Ci/mmol; Dupont-
NEN), and 10–20 pmol template (2–4 pmol in case of while lighter fractions had greater activity but synthe-
sized incomplete viral RNAs of a wide size range (Fig.viral genomic RNAs as template). RNasin ribonuclease
inhibitor (25 units; Promega) was added for reactions 2A). These products were verified by hybridization experi-
ments to correspond to positive sense TYMV RNAs (notcontaining viral genomic RNAs as templates. Reactions
were incubated at 307 for 1 hr and stopped by adding 25 shown), made from endogenous templates.
Removal of endogenous RNAs by treatment with mi-ml of TE buffer (10 mM Tris–HCl, pH 8.0, 1 mM EDTA)
containing 0.2% SDS and 50 mM EDTA followed by two crococcal nuclease resulted in template-dependent
RdRp activity capable of synthesizing products from tem-phenol/chloroform extractions. Nucleic acids were pre-
cipitated in ammonium acetate/ethanol, washed in 70% plates containing the 3*-end of TYMV RNA (Fig. 2B).
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FIG. 2. TYMV RdRp activity in detergent-solubilized glycerol gradient fractions. (A) RdRp activity using endogenous template RNAs detected in
the fractions (numbered from bottom to top) of parallel glycerol gradients made from extracts of leaves from TYMV-infected or mock-inoculated
Chinese cabbage plants. Products were labeled with [a-32P]UTP and separated by electrophoresis on 1% agarose. DNA markers (1-kb ladder,
Gibco-BRL) are shown at the left; g and sg at right indicate the migration of TYMV genomic and subgenomic RNAs. Fractions were pooled as
indicated above the lanes (pools a to d). (B) Template-dependent RdRp activity revealed in the pooled glycerol gradient fractions indicated in A
after treatment with micrococcal nuclease. Products made when 0.2 mg (4 mM) of TY-88 RNA was incubated in the presence of [a-32P]UTP with
fractions from TYMV-infected (lanes 5 to 8) or mock-inoculated (lanes 3 and 4) plants were separated by native PAGE (8%). Pool d showed no
activity. RNAs in lanes marked ‘‘/’’, but not those in lanes ‘‘0’’, were treated with ribonuclease prior to analysis. Lanes 1 and 2 show double-stranded
(ds) and single-stranded (ss) forms of TY-88 RNA as markers.
Lighter glycerol gradient fractions (pool c) incorporated The micrococcal nuclease-treated RdRp showed low
levels of endogenous activity and made full-length copiesmore template-dependent radiolabel than heavier frac-
tions (pool b; Fig 2B). The principal products were dou- of TYMV genomic (Fig. 3B, lanes 6 and 7) and subgeno-
mic (lane 6) RNAs. The RdRp showed specificity towardble-stranded on the basis of migration shifts in gel elec-
trophoresis and resistance to ribonuclease treatment in TYMV templates. Equal amounts of tobacco mosaic virus
(TMV), BMV, and alfalfa mosaic virus (AlMV) RNAshigh salt (Fig. 2B). A small amount of label was incorpo-
rated into single-stranded, ribonuclease-sensitive prod- yielded 22, 6, and less than 1% the levels of product
made from TYMV RNA, respectively, while poly(A) RNAsuct by an unknown activity that was also present in ex-
tracts from mock-inoculated plants (Fig. 2B, lanes 3, 5, gave rise to no detectable copying (Fig. 3).
and 7) and that has not been studied further. This activity
was usually absent from upper gradient fractions such De novo initiation of minus strand synthesis
as fractions 9 and 10 in Fig. 2A (not shown), which were
used in subsequent experiments (very low activity evi- As shown in Fig. 2B, TYMV RNA 3*-fragments con-
taining the TLS functioned as active templates. TY-83, andent in Fig. 4C, lane 3). The synthesis of double-stranded
products was dependent on the addition of all four nucle- 83-nucleotide-long RNA comprising the TYMV TLS and
terminating at the 3*-end in -CCA (Fig. 1), was one suchotides (not shown) and occurred in the presence of 200
mg/ml actinomycin D. No comparable activity was found template (Fig. 4A, lanes 2 and 5). As is common with T7
or SP6 RNA polymerases (Milligan et al., 1987; Dreherin parallel extracts made from mock-inoculated plants
(Fig. 2B, lanes 3 and 4). et al., 1988), transcription produces some minor products
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indicating that this RNA migrates one nucleotide behind
the RdRp product. This suggests that the complementary
strand is initiated opposite the 3*-C (C2) of the -CCA
FIG. 3. Template specificity of TYMV RdRp. Micrococcal nuclease-
treated glycerol-gradient RdRp was incubated with 5 mg of the indicated
RNAs, except 8 mg of TYMV(tr) (lanes 7). The viral RNAs were all
virion RNAs, except TYMV(tr), which was an infectious TYMC in vitro
transcript (Weiland and Dreher, 1989). After incubation, reactions were
deproteinized and RNAs were separated by 1% agarose electrophore-
sis. A shows the gel stained with ethidium bromide, indicating the
recovery and integrity of template RNAs after the RdRp incubation. B
shows labeled products detected in the same gel. Note that only a
small fraction of template RNAs are copied, and products are not visible
in A. Note also that poly(A) RNA (average chain length 1500 nucleo-
tides) barely stains with ethidium bromide and that the upper band in
lane 7 of A is residual DNA transcriptional template. The arrowheads
in lanes 6 mark TYMV subgenomic RNA and its product. No RNA (lanes
1) indicates a control reaction incubated in the absence of added RNA.
Relative template activities (%), determined from at least two runs of
each template, are indicated below each lane in B.
differing at the 3*-end by the addition of one or two un-
templated nucleotides beyond the expected -CCA 3*-ter-
minus. Transcripts 83, 84, and 85 nucleotides long, gel-
purified to single nucleotide resolution, and termed TY-
83, TY-83 / 1, and TY-83 / 2, respectively (3*-ends were
verified by 5*-32P-pCp labeling and analysis of fragments
released by ribonuclease T1 digestion), were used as
templates for TYMV RdRp, and products were analyzed
at high resolution by electrophoresis on denaturing se-
FIG. 4. De novo initiation of minus-strand synthesis. (A) Products madequencing gels (7 M urea/8% polyacrylamide run at 507).
from the RNA templates indicated (lanes 2–5) were separated by denaturingAll three templates yielded similar amounts of a unique
PAGE (8%). Lanes 1 and 6 indicate the migration of a negative-sense
product of identical length (Fig. 4A). Further, an 87-nucle- transcript complementary to TLS nucleotides 2–83 and labeled at the 3*-
otide-long product with four additional 3*-nucleotides end with [5*-32P]pCp (length  83 nt). Lane 7 contains an RNA ladder with
chain lengths indicated in nucleotides. (B) Products made from TY-83 RNA(AGCU) beyond the -CCA (TY-83Hind), produced the
(lane 2) and 3*-truncated derivatives with the 3*-termini indicated. Productssame product (not shown).
were separated by native PAGE (6%). Relative template activities, deter-The synthesis of products of identical length from tem-
mined from at least two runs of each template, are indicated below each
plates with 0, 1, 2, and 4 nucleotides beyond the -CCA lane. (C) Products made in the absence of added template (lane 2) or from
3*-end is consistent with de novo initiation at a precise TY-88 RNA in the presence of [a-32P]UTP (lanes 2 and 3) or [g-35S]thio-GTP
(lanes 4 and 5), separated by native PAGE (8%). The products in lanes 2site, rather than initiation at any 3*-terminus, or the use
and 3 were diluted 100-fold relative to lanes 4 and 5. The product in laneof the 3*-end as a primer for making minus strand. Minus
5 was treated with ribonucleases A/ T1 prior to electrophoresis. The faintsense T7 RNA polymerase transcripts complementary to
band near the bottom of lanes 4 and 5, but not the main band, was present
nucleotides 2 to 83 from the 3*-end were 3*-labeled with in the absence of added template (not shown). Lane 1 contains a mixture
[5*-32P]pCp (England et al., 1980) and used as a marker of double-stranded (ds) and single-stranded (ss) forms of TY-88 RNA as
markers.for the above RdRp products (Fig. 4A, lanes 1 and 6),
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terminus. Note that positive-strand RNA was not a good
size marker due to its aberrant migration, evidenced in
other experiments by a strong compression of the DNA
form in sequencing ladders.
The site of strand initiation was further investigated
with a set of templates identical except for the presence
of -ACCA (wild type), -ACC, -AC, or -A 3*-termini, i.e.,
RNAs that were progressively truncated at the 3*-end.
The presence of the 3*-penultimate C2 residue was criti-
cal for minus strand synthesis, as TYMV RdRp produced
only small amounts (8% relative to TY-83) of diffuse-length
FIG. 5. Template activities of TYMV 3*-RNAs of different length. The
product from TY-AC3* RNA and no product from TY-A3* RNA templates indicated were present at 0.8 mM in the reaction. Prod-
RNA (Fig. 4B). Full-length (TY-ACCA3*) TY-83 RNA yielded ucts were treated with ribonucleases A / T1 prior to separation by
native PAGE (6% for lanes 1–5; 12% for lanes 6–9). Relative templateabout twice as much product as TY-ACC3* RNA. The
activities (based on activity of TY-83 RNA as 100%) are indicated belowsignificance of the different template activity of the TY-
each lane.ACCA3* and TY-ACC3* RNAs is uncertain, since virion
RNAs (which terminate in -ACC at the 3* end) and virion
RNAs treated with wheat germ CCA-nucleotidyltransfer- 41 comprises the acceptor/T arm, and TY-28 the acceptor
stem of the TLS (see Fig. 1). All of these RNAs werease and ATP to produce -ACCA 3*-termini were equiva-
lent templates (not shown). The ability of TY-AC3* RNA templates for minus strand synthesis (Fig. 5); when the
RNAs were added in equimolar amounts, their templateto yield a small amount of product was perhaps in part
due to the presence of untemplated 3*-nucleotides activities (relative to TY-83) were 15, 70, 100, 110, 100,
146, and 79% for the above series TY-264 to TY-28 RNAs(Dreher et al., 1988), a proportion of which could have
been C residues equivalent to the normal C2. Alterna- (Fig. 5). These results extend those of Gargouri-Bouzid
et al. (1991) in observing template activity for an RNAtively, there may have been some initiation at C3 in the
absence of C2. The results of experiments with this set comprising only the acceptor stem portion of the TLS
and suggest that this part of TYMV RNA acts as a signifi-of RNAs provide further support for strand initiation oc-
curring opposite C2. cant minus strand promoter element. It is not clear why
TY-264 RNA was a poor template, although this was trueFinally, experiments were conducted to confirm that
the initiation of minus strands occurred with GTP. Initial for a number of independent preparations of this RNA
and of RdRp. This RNA is an excellent substrate for valy-experiments were unable to detect labeled products from
reactions performed in the presence of [g-32P]GTP. How- lation and thus has an appropriately folded and accessi-
ble 3*-TLS (Dreher et al., 1988).ever, we were able to detect low levels of NTPase activity
in the RdRp preparation (not shown), enough to result in The acceptor stem (TY-28 RNA) is essentially com-
posed of the pseudoknot (Fig. 1), a feature absent fromloss of the g-32P label from the low levels of [g-32P]GTP
present in the assays. When [g-35S]thio-GTP (Dupont- tRNAs, and different in sequence from the similar pseu-
doknot present in TMV RNA. Pseudoknots are widelyNEN), a nonhydrolyzable form of GTP, was used in RdRp
assays with TY-88 RNA as template, small amounts of viewed as tertiary structural elements that offer specific
binding sites for proteins (ten Dam et al., 1992); featureslabel were incorporated into the appropriately sized prod-
uct (Fig. 4C), which was ribonuclease-resistant (lane 5). in the acceptor stem pseudoknot might thus serve as
specific promoter elements recognized by TYMV RdRp.This directly demonstrated that minus strands are made
by de novo initiation opposite a template C residue. To test this hypothesis, we tested the template activity
of three mutant derivatives of TY-83 RNA with sequenceTaken together, the above results demonstrate that
TYMV RdRp initiates minus strand synthesis de novo by changes in the acceptor stem pseudoknot (Fig. 6). TY-
L1 RNA lacked all 4 nucleotides (24-CUCU-21) that forminserting GTP opposite C2 in the -CCA 3*-tail of TYMV
RNA. Initiation can occur internally precisely at the usual the loop L1, TY-S1 RNA had the mutations 15-GGG-13 r
CCC resulting in the complete disruption of stem seg-site, at least in the presence of limited 3*-extensions.
ment S1, while TY-S2 RNA had the mutations 9-UCGGA-
5 r AGCCU, resulting in the complete disruption of stemTemplate activities of various viral 3*-RNA transcripts
segment S2. On the basis of studies by Mans et al. (1992),and tRNAs
TY-L1 RNA may be able to assume a pseudoknotted
conformation somewhat like the native structure, per-To investigate what features contribute to the accep-
tance of RNAs as templates for copying by TYMV RdRp, haps with U20 forming a new loop L1; the two other
mutations are radical enough that no structure similar to3*-TYMV RNAs of varying lengths were assessed as tem-
plates. TY-264, TY-115, TY-99, TY-88, TY-83, TY-41, and the normal pseudoknot is possible. As shown in Fig. 6B,
all three RNAs were active templates for minus strandTY-28 RNAs are 3*-coterminal RNAs of the indicated
lengths (Fig. 1); TY-83 precisely comprises the TLS, TY- synthesis, yielding at least half the amount of product
AID VY 8621 / 6a3b$$$181 06-07-97 03:09:03 viral AP: Virology
436 SINGH AND DREHER
present as the non-base-paired terminus of AlMV RNA3,
and is itself expected to remain non-base-paired due to
the presence of stable upstream structures (Fig. 7). TMV-
171, AlMV3*, and AlMV-ACCA3* RNAs contain no TYMV
sequences. TY-TMVPSK RNA (104% relative to TY-83)
was a highly active template, while TY-TMV (64%) and
TMV-171 (45%) RNAs yielded less product but were also
good templates (Fig. 8, lanes 3, 4, and 10). TY-BMVPSK
yielded 17% product relative to TY-83 (Fig. 8, lane 2).
In strong contrast, both AlMV-derived RNAs yielded no
product (Fig. 8, lanes 7 and 8).
The tRNAs tested as templates were T7 transcripts
of lupin tRNAVal, lupin tRNAHis and Arabidopsis thaliana
tRNAAla, total wheat germ tRNA, mature yeast tRNAPhe,
and a mixture of mature yeast tRNAHis and tRNAThr. The
plant tRNA transcripts were all copied quite well (26–
74% template activity relative to TY-83 RNA), the yeast
tRNAHis/ tRNAThr mixture yielded small amounts of prod-
uct (7%), but no detectable product was made from yeast
tRNAPhe (Fig. 9A). Although total wheat germ tRNA sup-
ported the synthesis of ribonuclease-resistant products
(Fig. 9B, lane 2), the copying of this RNA mixture was
greatly suppressed in the presence of TY-83 RNA (Fig.
9B, lane 4). The wheat germ tRNA did not appear to
FIG. 6. Effect of mutations in the acceptor stem pseudoknot. (A) The act as a significant competitor when present in fivefold
structure of the TYMV RNA acceptor stem pseudoknot and the se- excess (Fig. 9B, lane 4).
quence changes made in TY-83 RNA to yield mutant RNAs TY-L1, -S1,
The experiments shown in Figs. 8 and 9 reaffirm thatand -S2. (B) Products made from TY-83 RNA and its mutant derivatives
the TYMV RdRp displays selectivity toward RNAs, even(all present at 0.8 mM) were separated by native PAGE (6%) after treat-
ment with ribonucleases A / T1. Relative template activities (averages if these are short and present at rather high concentra-
of two independent estimates) are indicated below each lane. tion (0.8–3 mM). This is best demonstrated by the dis-
crimination against the AlMV3* RNAs (Fig. 8, lanes 7 and
8). However, a range of RNAs with a tRNA-like conforma-
made by the wild-type TY-83 RNA. Nevertheless, the mu- tion is able to serve as templates for minus-strand syn-
tations most disruptive to the overall structure had the thesis.
largest effect on template activity.
The significant template activity of RNAs with radical DISCUSSION
sequence and structural alterations in the acceptor stem
De novo initiation of minus strand synthesis is(especially TY-S1 and TY-S2 RNAs) did not seem to be
directed by an initiation box in the -CCA 3*-endconsistent with the notion that major promoter elements
reside in this part of the viral RNA. To test whether our The TYMV RdRp preparation we have studied was
RdRp preparations retained the specificity observed with shown to be capable of complementary minus strand
virion RNA templates (Fig. 3) for short transcripts, we synthesis templated by TYMV-derived 3*-RNAs. Three
tested the ability of a range of virus-derived and tRNA different analyses were consistent with minus strand ini-
molecules to be copied. tiation occurring de novo opposite nucleotide C2 in the
The viral sequences tested were derived from BMV, -CCA 3*-end: high-resolution length estimation of prod-
TMV, and AlMV RNAs (Fig. 7). TY-BMVPSK, TY-TMVPSK, ucts made from templates with short 3*-extensions (Fig.
and TY-TMV RNAs, described previously (Skuzeski et al., 4A), the use of templates lacking 1, 2, or 3 nucleotides
1996), contain 270, 166, and 109 nucleotides from the 3*- from the -CCA 3*-end (Fig. 4B), and incorporation of [g-
ends of BMV RNA3 or TMV RNA fused to nucleotides 35S]thio-GTP (Fig. 4C). The results indicate clearly that
6062–6233 of TYMV RNA (lacking the TYMV TLS; total the adjacent C residues in the -CCA 3*-end are not equiv-
lengths are 397, 343, and 286 nucleotides, respectively). alent with respect to strand initiation: a single species
TMV-171 RNA comprises the 3*-159 nucleotides from of product (Fig. 4A), indicating a unique initiation site,
TMV RNA fused to 12 5*-nonviral nucleotides (Fig. 7). was observed, and removal of the first C resulted in a
AlMV3* RNA comprises the 3*-181 nucleotides from AlMV 12-fold loss of template activity (Fig. 4B, lane 4). The
RNA3, while AlMV-ACCA3* RNA has an -ACCA 3*-tail initiation site can be recognized even in the presence of
that was designed to serve as a potential minus strand short 3*-extensions beyond the -CCA (Fig. 4A), and there
is no end-to-end copying. These observations indicateinitiation site. The -ACCA 3*-end replaces the -AUGC
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FIG. 7. Structures of short RNAs tested as templates of TYMV RdRp. Shown are: the 3*-113 nucleotides of TYMV RNA; the entire sequence of
TMV-171 RNA, of which the 5*-12 nucleotides are nonviral; the entire sequence of lupin tRNAVal transcripts; the entire sequence of AlMV3* RNA,
derived from AlMV RNA3; the BMV portion of TY-BMVPSK RNA, derived from BMV RNA3. The T-loop in tRNAVal and its analogues in the viral RNAs
are marked with a circled T. The representation shown of the BMV TLS is adapted from Felden et al. (1993). The AlMV RNA structure was taken
from Quigley et al. (1984). In AlMV-ACCA3* RNA, the -AUGC3*-end of AlMV3* RNA was replaced with -ACCA.
that the -CCA 3*-terminus is selected by the RdRp to Various tRNA-like RNAs can serve as templates
direct initiation in a specific recognition event that is
Our TYMV RdRp preparation was able to use TYMVrequired for productive minus strand synthesis. The 3*-
3*-RNAs between 115 and 28 nucleotides in length asend of the TYMV RNA template may be considered an
templates at roughly the same efficiencies (Fig. 5). The‘‘initiation box’’, which will need to be further defined ex-
TYMV TLS comprises the 3*-82 nucleotides of the RNA,perimentally to determine its extent.
while TY-28 RNA comprises the acceptor stem portionThe initiation of minus strand synthesis by BMV RdRp,
of the TLS (Fig. 1). The copying of TY-28 RNA extendswhich has been studied both before (Miller et al., 1986)
an earlier report of the copying of a 38-nucleotide-longand after (Kao and Sun, 1996; Sun et al., 1996) solubiliza-
3*-RNA (Gargouri-Bouzid et al., 1991) and suggests thetion from membranes, has essentially the same proper-
presence of promoter elements within the acceptor stem.ties as those we have described for the solubilized TYMV
The presence of such elements in the acceptor stemRdRp. Minus strand initiation is probably also the same
pseudoknot, a feature that could readily be used for spe-for TMV RdRp, which can incorporate [g-32P]GTP (Osman
cific recognition in the context of a generic tRNA-likeand Buck, 1996), but for which the site of initiation has
structure, was tested with three derivatives of TY-83 RNAnot been identified. The use of the -CCA 3*-end as an
with mutations in loop L1 or in stems S1 or S2 of thisinitiation box is reminiscent of the requirement of a short
pseudoknot (Fig. 6). These mutations together tested the3*-C tract for minus strand synthesis by Qb replicase
importance of 12 of 28 primary sequence positions and(Meyer et al., 1981). The presence of an accessible
of the pseudoknotted conformation: especially TY-S1 and-ACCA 3*-terminus is not sufficient to make an RNA an
TY-S2 RNAs would be unable to form the usual pseu-active template for TYMV RdRp, however, as demon-
doknot. The surprising result that these RNAs were atstrated by the inability of AlMV-ACCA3* RNA to be copied
least half as active templates as the wild-type TY-83 RNA(Fig. 8). Promoter elements other than the 3* initiation
box must be present in TYMV RNA. (Fig. 6) suggests that the pseudoknot and its primary
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from TYMV, although the effect could not be explained
by altered valylation (Goodwin et al., 1997). Future stud-
ies will need to address this issue with in vitro RdRp
experiments. Viral TLSs and tRNAs in general may have
enough structural similarities to permit TYMV RdRp to
recognize adequate promoter elements, but the pres-
ence (in viral TLSs) or absence (in tRNAs) of acceptor
stem pseudoknots is not a strong factor in template se-
lection in vitro. The presence in all of these RNAs of -CCA
3*-termini is certainly compatible with template activity,
although not in itself sufficient for copying: AlMV-ACCA3*
RNA was an inactive template (Fig. 8, lane 8).
FIG. 8. Template activities of various viral 3*-RNA fragments. Prod- While tRNA transcripts made in vitro were relatively
ucts made from the RNA templates (0.8 mM) indicated were treated good templates, this was not true of mature tRNAs with
with ribonucleases A / T1 and then separated by native PAGE (6% for modified bases (Fig. 9). Modified bases such as ribo-
lanes 1–5; 8% for lanes 6–10). Relative template activities are indicated
thymidine and pseudouridine that are present in the T-below each lane. Also indicated under each lane are the lengths of
loops of all mature tRNAs, as well as other modificationseach template in nucleotides. TY-BMVPSK, TY-TMVPSK, and TY-TMV
RNAs are chimeric RNAs with TYMV sequences (171-nucleotides) from such as the wybutosine derivative of guanosine (Limbach
the 3*-untranslated region excluding the TLS fused to the upstream et al., 1995) that is present in the anticodon of yeast
end of the 3*-end BMV or TMV sequences. tRNAPhe (see Fig. 9, lane 5), may interfere with template
recognition or copying. Thus, the apparent generic affin-
ity of TYMV RdRp for tRNAs observed in our experimentssequence play only a supportive role in RNA template
selection. Infectivity studies have shown that RNAs with may not be the case in vivo, where all tRNAs have modi-
fied bases.variations in the primary sequence of the pseudoknot
(infectivity of TYMC-KYMV RNA; Skuzeski et al., 1996) Future studies will require a careful assessment of
minus strand promoter contributions from segmentsand in the length of loop L1 (Dreher et al., 1996) are
capable of efficient amplification in plants. within the TLS, but also from upstream sequences. The
higher template activities of TY-TMVPSK and TY-TMVOur results indicating that the acceptor stem lacks a
strong primary promoter element differ from observations RNAs (Fig. 8, lanes 3 and 4), which contain TYMV up-
stream sequences, compared to TMV-171 (Fig. 8, lanewith promoter elements identified in the TLS of BMV RNA
(Dreher and Hall, 1988) or turnip crinkle virus satellite C 10) and TMV genomic RNA (Fig. 3, lane 5), which has
only TMV sequences, may be due to the presence ofRNA (Song and Simon, 1995). In those cases, mutation
of only a few nucleotides led to strong negative effects such upstream promoter elements. The unexplained low
template activity of TY-264 RNA (Fig. 5, lane 2) indicateson template activity. In TYMV RNA, it seems possible
that minus strand synthesis is controlled by a number of that upstream sequences can modulate template activity,
weaker promoter elements, perhaps but not necessarily
only, located in the TLS. This model could explain the
apparent paradox that the efficiency of minus strand syn-
thesis remained fairly constant while shortening TYMV
RNA to as little as 28 nucleotides, although those 28
nucleotides do not appear to contain a strong promoter
element. Another factor contributing to the relatively high
template activities of the shortest RNAs (TY-41 and TY-
28) may be a proportionally more important role for the 3*-
terminal -CCA initiation site in supporting RNA synthesis.
Reliance on multiple relatively weak promoter ele-
ments rather than on a dominant strong element may
explain the rather high template activities of short heter-
ologous viral RNAs (Fig. 8) and of some tRNAs (Fig. 9).
The high template activity of tRNAVal transcripts (Fig. 9A, FIG. 9. Template activities of various tRNAs compared to TY-88 RNA.
lane 2) may derive from structural and sequence similari- (A) Products made from the RNA templates (2 mg; c. 3 mM) indicated
were treated with ribonucleases A / T1 and then separated by nativeties in the anticodon and T loops between the TYMV TLS
PAGE (8%). tRNAs marked (tr) were transcripts from synthetic higherand this tRNA. There is perhaps support from in vivo
plant genes; tRNAs marked (y) were mature tRNAs isolated from yeast.studies for the existence of promoter elements in part of
Relative template activities (based on TY-83 RNA) are indicated below
the anticodon loop: the accumulation of TYMV genomes each lane. (B) Products made from total wheat germ (wg) tRNA (5 mg),
with heterologous TMV-derived 3*-ends was higher TY-83 RNA (1 mg), or a mixture of 5 mg wheat germ tRNA and 1 mg TY-
83 RNA were separated by native PAGE (8%).when the TMV anticodon loop was replaced with that
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sis by the brome mosaic virus RNA-dependent RNA polymerase: Useperhaps both negatively and positively. Internal rather
of oligoribonucleotide primers. J. Virol. 70, 6826–6830.than terminal regions that function as promoter elements
Limbach, P. A., Crain, P. F., Pomerantz, S. C., and McCloskey, J. A.
recognized by the replicase are known in the Qb system (1995). Appendix 1: structures of modified nucleosides. In ‘‘tRNA
(Meyer et al., 1981). This type of template recognition Structure, Biosynthesis and Function’’ (D. So¨ll and U. RajBhandary,
Eds.) Am. Soc. Microbiol., Washington, DC.has not to date been reported for a plant viral RdRp.
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